Blood vessels are under constant mechanical loading from blood pressure and flow which cause internal stresses (endothelial shear stress and circumferential wall stress, respectively). The mechanical forces not only cause morphological changes of endothelium and blood vessel wall, but also trigger biochemical and biological events. There is considerable evidence that physiologic stresses and strains (stretch) exert vasoprotective roles via nitric oxide and provide a homeostatic oxidative balance. A perturbation of tissue stresses and strains can disturb biochemical homeostasis and lead to vascular remodelling and possible dysfunction (e.g. altered vasorelaxation, tone, stiffness, etc.). These distinct biological endpoints are caused by some common biochemical pathways. The focus of this brief review is to point out some possible commonalities in the molecular pathways in response to endothelial shear stress and circumferential wall stretch.
INTRODUCTION
It is well known that an artery consists of several layers of tissue: intima, media and adventitia. The abluminal side of endothelial cells layered on the intima makes contact with the blood flow whereas the media and adventitia provide mechanical support to oppose the blood pressure [1] . The pulsatile blood pressure originating from the heart drives blood circulation throughout the vasculature. The frictional force of the blood (wall shear stress) on the endothelial layer is opposed by tension and deformation in the endothelium while the circumferential distension of blood pressure is opposed by circumferential stress and strain (stretch) in the vessel wall (intima, media and adventitia). These applied loads (flow and pressure) and resulting internal stresses and deformation of the various vessel wall structure (fibres and cells) trigger and release biochemical reactants that maintain physiological function of blood vessels. The stresses and strains are intimately related through the material properties of the cells and fibres which can remodel in such conditions as hypertension [2] and diabetes [3, 4] .
Under physiologic conditions, a dynamic balance between mechanical or chemical stimulus and biological response is preserved to maintain homeostatic conditions [5] . A perturbation of this balance with mechanical stimuli that is too high or too low can either lead to physiological adaptation or possibly disease of the vessel wall. The most prominent perturbations involve changes in blood pressure and flow under physiologic (exercise, pregnancy, growth, development, etc.) or pathologic (hypertension, flow-reduction, flow-overload, etc.) conditions [6] . These physical as well as chemical perturbations such as in diabetes, hypercholesteremia, and cigarette smoking can change the stiffness of the vessel properties and hence alter the strain or stretch in response to the same loading (normotensive) or in hypertension (i.e. potential co-morbidity). A common mechanical feature inherent in both increase in pressure and flow is circumferential stretch. The former is induced by pressure distension and the latter by acute vasodilatation or chronic remodelling of vessel lumen.
How the vessel wall senses and transduces the mechanical stretch common to various haemodynamic perturbations remains a central topic of mechanobiology. A variety of receptors, integrins and extracellular matrix (ECM) components have been studied [6, 7] . Various models of surface-sensor and nuclear-sensor have been proposed. In this brief review, we intend to identify the biochemical pathways that are common to both wall shear stress and pressure distension (i.e. circumferential stretch) as shown in figure 1 , which summarizes the biological responses for endothelial cells and smooth muscle cells (SMC).
induces vasodilation whereas pressure causes mechanical distension (stretch). There is considerable literature on the role of wall shear stress in flow-mediated vasodilation. Nitric oxide (NO) generated from endothelial NO synthase (eNOS) is the critical biochemical that mediates the response to shear stress in cell culture and animal studies [8, 9] . This is clinically supported by the association of hypertension and eNOS haplotypes in human studies [10] . In line with human data, chronic NOS inhibition in rat or eNOS gene deletion in mice results in significant blood pressure elevation [11, 12] . Data from eNOS gene deficient mice, however, suggest that additional vasodilators are present because vessel reactivity from eNOS 2/2 mice remains fully functional as compared to those from wild-type mice [13] . In this regard, prostaglandin was demonstrated to be another important vasodilator [14] .
NO bioavailability is also fundamental for regulation of the oxidative balance possibly by scavenging superoxide and inducing glutathion synthesis in the endothelium [15, 16] . Another fundamental component of oxidative balance is nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), a major vascular source of superoxide in addition to several other enzymes; e.g. xanthine oxidase, uncoupled eNOS, myeloperoxidase (MPO) and cyclooxygenase (COX). Chemically, superoxide generated from oxidase forms peroxynitrite, an oxidant and nitrating agent. Peroxynitrite can reduce vasodilation by directly reducing NO bioavailability and by reducing prostaglandin I 2 (PGI 2 ) content via nitration of PGI 2 synthase [17] . In addition, peroxynitrite also oxidizes tetrahydrobiopterin, a cofactor of eNOS, which causes eNOS uncoupling [18] . Consequently, peroxynitrite can cause endothelial dysfunction through several mechanisms (figure 1). Regulation of NADPH oxidase activity can be achieved by modulation of angiotesin II (Ang II) receptor 1 (AT1R). Several AT1R antagonists have been shown to reduce reactive oxidative stress in human and animals [19, 20] . Collectively, the oxidative balance regulates the degree of tone or vasodilatation and hence the stretch in the vessel wall.
An elevated blood pressure also creates increased circumferential stretch on the vessel wall perpendicular to the direction of blood flow [21, 22] (figure 1). Chronic hypertension imposes higher pressure on the vessel wall and induces compensatory vascular remodelling. The adaptive remodelling results in increased wall thickness, which can increase small vessel resistance and can increase large vessel compliance [23] . An increase in circumferential stretch due to pressure-overload can enhance endothelial permeability and vascular tone [24] . It is known that an increase in circumferential stretch can also enhance superoxide production in both endothelium and SMC [25, 26] . Several sources may be responsible for the superoxide over-production, including upregulated NADPH oxidase, mitochondrial oxidant and xanthine oxidase. Although NADPH oxidase is implicated as the major source of superoxide, xanthine oxidase clearly plays a role in pressure-mediated stretch of endothelium [27] .
ENDOTHELIUM SIGNALLING PATHWAY UNDER SHEAR STRESS
It has been well established that wall shear stress causes vessel dilation in an acute manner. The flow-mediated dilation has been shown to depend on the magnitude and the direction of blood flow and the activity of NADPH oxidase. In the presence of NADPH oxidase inhibitor, dilation induced by flow reversal was quantitatively comparable to that by the forward flow. In contrast, flow reversal induces negligible dilation in the absence of NADPH oxidase inhibitor [28, 29] (figure 2). Multiple surface molecules are involved in mechanical transduction. Shear stress activates several pathways through endothelial surface molecules; e.g. platelet endothelial cell adhesion molecule (PECAM)-1, integrins, ion channels and tyrosine kinase receptor [30, 31] (figure 1). Under shear stress, vascular NADPH oxidase is rapidly inactivated and superoxide production is reduced. Integrins can be activated by shear stress directly through tension or deformation on the endothelial surface (figure 1). The major pathways to activate integrins are the surface complex of PECAM-1, vascular endothelial cell cadherin (VE-cadherin) and vascular endothelial growth factor receptor 2 (VEGFR2) through the phosphoinositide 3-kinase (PI 3-kinase) [32, 33] .
Integrin pathway activation is important in shearinduced vasodilatation as evidenced by inhibition with Arg -Gly -Asp peptide which results in reduced flow-mediated dilation [34] . Shear stress-induced endothelium integrin activation can further phosphorylate eNOS at the site of serine-1179 which directly results in eNOS activation and enhanced NO production. The phosphorylation of serine-1179 can be mediated by AKT [35, 36] or by protein kinase A [37] . The AKT activation is downstream from PI3 kinase [36] or from integrin-mediated phosphorylation [38] . eNOS generated NO can also modulate AT1R levels in addition to relaxation of SMC. Ramkhelawon et al.
showed that eNOS knock-out mice express AT1R in both inner and outer curvatures of an aortic arch. eNOS transgenic mice, however, showed absence of AT1R expression in both inner and outer walls of the aortic arch as compared to the wild-type mice which expressed AT1R only at the inner curvature. They also demonstrated that shear stress reduces AT1R levels in an NOdependent manner and the mechanism of action involves protein kinase A and protein kinase G. More specifically, protein kinase A plays an important role in eNOS activation and phosphorylation, followed by protein kinase G activation/downregulation of AT1R [39] (figure 1, dashed line on the left panel). Although more detailed molecular mechanisms are needed, this study sheds light on the additional role of NO since AT1R is a major regulator of endothelial NADPH oxidase.
As mentioned earlier, an additional interesting pathway involves COX-2 which results in the release of prostaglandin. One prostaglandin, PGI 2 , functions as an additional vasodilator in response to shear stress [40, 41] . In eNOS-deficient mice, flow-mediated dilation is compensated by elevated prostaglandins relative to wild-type mice [40] . In Sun et al. [40] shear-mediated dilation was completely abolished in the presence of pathway inhibitors for NO and prostaglandin [42] . It was demonstrated that laminar shear stress-induced PGI 2 can suppress tumour necrosis factor-a in endothelial cells. The mechanism in tumour necrosis factor-a reduction was mediated by downregulation of haem oxygenase-1 [43] . Although both COX-1 and COX-2 generate prostaglandins, additional studies demonstrate that COX-2 is essential for both shear stress response and to maintain flowmediated dilation in the absence of eNOS [42, 43] . The cross-talk between NO and prostaglandins is essential to maintain the normal tone of the vessel under physiologic conditions.
The signalling pathway for PGI 2 is much less understood than the laminar shear stress-induced NO release. Under shear stress, 6-keto-prostaglandin 1a (a stable metabolite of PGI 2 ) increased 15-fold after 12 h in a system of human umbilical vein endothelial cells [44] . In this study, mRNA levels of COX-2 and PGI synthase only increased onefold, which suggests that other mechanisms may be responsible for the 15-fold PGI 2 release. In addition, PGI 2 release can occur in minutes upon shear stress stimulation [44, 45] . This suggests that PGI 2 also responds to shear stress in an acute manner. Since arachidonic acid is the precursor of prostaglandins, it is reasonable to assume that arachidonic acid shedding plays an important role in shear stress-induced PGI 2 release. One study indicated that shear stress increases cytosolic phospholipase A 2 activity and arachidonic acid release in human endothelial cells [45] . It is unclear how cytosolic phospholipase A 2 senses the mechanical stimuli and whether there is an additional form of phospholipase A 2 involved in this process. These open questions warrant additional future studies. As discussed above, steady laminar shear stress is a determinant of normal vascular function through orchestration of activities of eNOS/COX-2 and consequently NO/PGI 2 (two critical molecules for vasodilatations and anti-platelet aggregation). Steady wall shear stress is also important to downregulate pro-thrombotic molecules, such as tissue factor, an initiator of thrombus formation [46] . The major fibrinolytic molecule, tissue plasminogen activator (tPA) is also regulated by shear stress. Under steady wall shear stress, the endothelial secretion of tPA increases [47] with upregulated mRNA level [48] . In addition to tissue factor and tPA, the major anti-coagulatant cofactor (thrombomodulin) was also shown to be upregulated by high shear stress in human endothelium cell lines [49, 50] .
The low or reversing shear stress in disturbed flows contribute to atherosclerotic initiation and progression in conjunction with multiple risk factors involved in this pathological process. Low or reversing shear stress regions predispose the vessel wall atherosclerosis [51] . One detrimental effect of low or reversing shear stress is the elevation of oxidative stress due to increased oxidase activities and decreased superoxide scavenger [28, 29] . In addition, reduced production of PGI 2 due to low shear stress also contributes to higher susceptibility of atherosclerosis [52, 53] . The global effect of low shear stress contributes to a high inflammatory and high prothrombotic state. The superposition of a detailed flow field (wall shear stress, wall shear stress gradient, oscillatory shear index, etc.) through computational modelling [54] and biological expression of various biochemicals should allow for better understanding of relation between mechanical stimulation and disease initiation and progression.
SIGNALLING PATHWAY UNDER CIRCUMFERENTIAL STRETCH IN ENDOTHELIUM AND VASCULAR SMOOTH MUSCLE CELLS
Although blood flow imposes shear stress on the endothelial cells, cardiac pulsation generates circumferential stretch and imposes mechanical stimulation on both endothelial cells and SMC. One of the most significant biological consequences of circumferential stretch is Ang II release from the endothelium that is accompanied by elevated superoxide levels [55] . It appears that these events occur on the synthesis level because angiotensin converting enzyme inhibitor quinprilat abolishes Ang II release, but AT1R antagonist losartan does not. Stretch-induced superoxide production can be inhibited by quinprilat or losartan, which underscores the role of Ang II and AT1R in this process. In addition to Ang II release, studies also suggest that circumferential stretch directly activates AT1R in a ligand-independent manner [56] through a conformational switch on transmembrane seven which undergoes anticlockwise rotation and a shift. As an inverse agonist, candesartan inhibits stretch-induced AT1R activation by binding and stabilizing the receptor in the inactive conformation [57] . Hence, circumferential stretch appears to activate AT1R through ligand-dependent or -independent pathway. It remains to be determined whether both ligand-dependent and ligand-independent pathways coexist. In addition to induction of vascular constriction, it is well established that AT1R activation upregulates NADPH oxidase activity and enhances superoxide production [58] . Assembled vascular NADPH oxidase complex consists of two membrane-bound subunits (Nox1 or Nox4, and p22phox) and three cytosolic subunits ( p47phox, p67phox and Rac) [59] . Rac is a small G protein that plays a critical role in AT1R-mediated NADPH oxidase activation [60 -62] . AT1R is the high affinity receptor for Ang II with K d of 1 nM [63] . AT1R activation triggers multiple assembly and activation of G-proteins (including Gaq, Gbg). The further downstream signals from AT1R include Rac activation via PI 3-kinase activation and PKC activation which causes p47phox phosphorylation [62] . Rac activation and p47phox phosphorylation enable the multimer recruitment and assembly of the active form of NADPH oxidase. As illustrated in figure 1 , Ang II-mediated oxidative stress induced by increased circumferential stretch can be exerted by enhancement of NADPH oxidase activity which leads to higher superoxide production and lower NO bioavailability [64] . These two pathways synergistically increase oxidative stress and may lead to endothelial dysfunction. The functional complexity of Ang II was shown to activate Ang II receptor 2 (AT2R) [65] in an opposite manner to regulate superoxide generation which was shown by AT2R antagonist treatment to enhance endothelial superoxide generation in contrast to the AT1R antagonist which has the converse effect [66] . These data suggest that AT2R functionally antagonizes AT1R to regulate NADPH oxidase through tyrosine phosphatases [66] . An additional study indicates that AT2R activation enhances eNOS phosphorylation via bradykinin receptors and elevates NO generation [67] . In this regard, AT2R is a check point to balance the prooxidative/ proinflammatory function of AT1R ( figure 1) .
In SMC, integrin signalling is an integral element of the response to the mechanical stress [68] . Circumferential stretch induces integrin activation through interactions with the ECM [69] . Integrin signals are trickled down to Rho kinase and focal adhesion kinase (FAK) phosphorylation pathways [70] .
Integrin activation is important for regulation of Rho family GTPase. Importance of Rho protein in actin polymerization was highlighted by RhoA RNA interference. In RhoA knock-down arteries, actin polymerization was significantly reduced [71] . Rho-GTP activates Rho kinase which in turn blocks myosin light chain phosphatase activity. The net activity from Rho/Rho kinase activation is the elevation of myosin light chain phosphorylation that further induces actin polymerization [72] .
Integrin activation is also involved in Src-family tyrosine kinase activation by the direct protein-protein interactions [73] . Activated Src kinase can further activate FAK by phosphorylation. Paxillin is the target of activated FAK for phosphorylation in addition to multiple other kinases. The phosphorylated paxillin interacts with multiple proteins, including vinculin-and actin-related proteins (Arp2/3) to form the complex paxillin 'interactome' [74] . In swine carotid arteries, the regulatory role in sustained phase of contraction was demonstrated between tyrosine-118 phosphorylation on paxillin and actin polymerization [75] .
OVERLAP OF BIOCHEMICAL PATHWAYS IN RESPONSE TO SHEAR AND STRETCH
Common molecules may be activated by laminar shear stress or circumferential stretch as shown in figure 1 . Shear stress activates integrin on the endothelium surface to exert upregulation of eNOS activity through the molecular sensor PECAM-1 complex. In contrast, stretch-mediated integrin activation on SMC is modulated by ECM interactions and results in actin polymerization. Shear stress and stretch differentially regulate AT1R and induce opposite effects on superoxide generation. Shear stress may inactivate AT1R via the NO-dependent pathway. Circumferential stretch-induced Ang II release, on the other hand, can activate AT1R in a ligand-independent manner. Activation of AT1R leads to the NADPH oxidasedependent superoxide production, and endothelial and SMC dysfunction. The basis for the seemingly opposing responses is unclear and requires further study. A full understanding of the commonality and differences in these biochemical pathways in response to perturbed physical environment may lead to additional pharmacological interventions and therapies for treatment of vascular diseases. Since the majority of current cardiovascular drugs are directed at lowering the risk factors (e.g. hypertension, diabetes, cigarette smoking, etc.), direct vascular pharmacological therapy may provide an add-on benefit. For example, as diabetes becomes a world pandemic healthcare challenge, treatment of diabetic vascular complications is essentially lacking. The dissection of vascular response in diabetes and related co-morbidities (e.g. altered haemodynamic conditions) may provide great opportunities to identify novel pharmacological therapies.
